DNA replication of herpes simplex virus type 1 (HSV-1) is dependent on a virus-encoded sequence-specific origin-binding protein, the product of the UL9 reading frame. We have identified the mutations in the UL9 gene of three temperature-sensitive (ts) mutants of HSV-1 which are responsible for the ts phenotype (A90T in mutant tsS and V220M in tsR and tsX). The mutations are located in two different conserved helicase sequence motifs of UL9. Two further alterations (I204T and E280D) compared to the published sequence were found in the mutant, revertant and parental wild-type strain 17syn + sequences and therefore seemed to be irrelevant for the ts phenotype. The ts function of the UL9 protein was required at early times during DNA synthesis whereas upward temperature shifts at later times did not considerably inhibit DNA synthesis.
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Herpes simplex virus type 1 (HSV-1) is able to infect productively many cell types. The virus genome encodes several proteins involved in nucleic acid metabolism. Seven virus genes are necessary and sufficient for amplification of plasmids bearing HSV-specific origins of replication in transiently transfected cells. These genes encode a two subunit DNA polymerase (UL30 and UL42), a ssDNA-binding protein ICP8 (UL29), a three protein complex with helicase/primase activities (UL5, UL8 and UL52) and an HSV origin-specific DNAbinding protein (UL9) (for review see Challberg, 1991) .
Since the UL9 protein is able to bind specifically to the virus origin of replication, it has been proposed as an initiator protein for HSV DNA replication. The interaction of UL9 protein with its recognition sequence in the virus origins has been investigated in detail (Challberg, 1991) . In addition to its DNA-binding property, UL9 also functions as a DNA helicase (Boehmer et al., 1993; Bruckner et al., 1991; Fierer & Challberg, 1992) and conserved helicase motifs within UL9 are essential for DNA replication (Martinez et al., 1992 is believed that UL9 specifically unwinds the virus origin of replication, although this activity has not yet been demonstrated (Fierer & Challberg, 1992; Boehmer et al., 1993) . Though a considerable amount of evidence has accumulated that origin-binding of UL9 is crucial for virus DNA replication, a direct role for UL9 in initiation is based on analogy to other systems of DNA replication. To investigate the function of UL9 in vivo we have analysed temperature-sensitive (ts) HSV mutants tsS, tsR and tsX (Matz et al., 1983) . This type of mutant has been used in many other systems of DNA replication to characterize the in vivo function of the proteins involved. As it is possible to inactivate the ts function in vivo by an increase in incubation temperature, we have investigated the temporal requirement for UL9 function during replication of HSV origin of replication (oris)-Containing test plasmids. Our results show that the ts function of UL9 is required in the initial phase of DNA replication and are consistent with a model in which UL9 acts primarily during the early stages of DNA synthesis. Moreover, we have identified the mutations responsible for the ts phenotype of these three mutants.
The locations of the conditional lethal lesions of these mutants have been mapped previously (Stow et al., 1978; Matz et al., 1983) by the intratypic marker rescue technique to a region spanning nucleotides 21655 (BamHI site) to 25 149 (BglII site; numbering according to McGeoch et al., 1988) . This region contains the Nterminal two thirds [amino acids (aa) et al., 1988) . All three mutations fall into the same complementation group (Matz et al., 1983) . The DNA-negative phenotype of the mutants and the requirement for the affected gene function early in infection (Marsden et al., 1976) strongly suggest that the mutations map in the U L 9 0 R F .
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To differentiate the mutations further we performed recombination tests according to Brown et al. (1973) . Mutant tsS generated low but significant amounts of ts + progeny when crossed with tsR (0.27%_+0.03 recombination frequency) or tsX (0"24 % _+ 0.03). On the other hand, crossing of tsR with tsX produced no detectable non-ts recombinants. The recombination frequency of 62 % _+ 8 obtained for tsS with mutant tsH, the lesion of which is known to be located in the DNA polymerase gene (UL30; Chartrand et al., 1980) , illustrates the high recombination levels between physically distant markers. The recombination data show that the tsS mutation is near but distinguishable from the tsR and tsX mutations and that tsR and tsX contain very closely located or even identical mutations.
We also investigated spontaneous phenotypic revertants derived from tsS and tsR which exhibited a non-ts phenotype and were called ts+S and ts+R. These ts + viruses were characterized by one-step growth (at 39 °C) analysis according to Dargan & Subak-Sharpe (1984; Fig. 1) . While ts+R grew nearly identically to wild-type (wt) 17syn +, ts+S showed somewhat delayed growth. As sequencing of the U L 9 0 R F s revealed no difference 
between wt and ts+S (Table 1) , it seems likely that ts+S contains some further mutation outside the U L 9 0 R F responsible for delayed growth. However, the time course of DNA synthesis did not differ between ts+R and ts+S ( Fig. 2e, f ) and therefore a different aspect of the viral lytic cycle seems to be affected.
To determine the exact nature of the ts-mutations, KpnI f fragments of the respective virus DNAs were cloned into vector pSPT18 (Boehringer Mannheim). Plasmid sequence analysis was done using T7 DNA polymerase, fluorescein-15-dATP and the automated laser fluorescence system as described by the manufacturer (Pharmacia). From mutant tsR and tsX, the Nterminal two thirds of the U L 9 0 R F (coding aa 1 to 555) were sequenced. The whole U L 9 0 R F from tsS and ts+S was sequenced and alterations to the published wt sequence (McGeoch et al., 1988) were also checked in clones of wt UL9 (parental strain 17syn +) and ts+R. The sequencing results are shown in Table 1 . DNA from all analysed viruses contained two sequence alterations leading to aa substitutions I204T and E280D, which were also present in our clones of wt UL9. Solid phase sequencing of PCR products (according to the supplier's protocol; Pharmacia) derived from the DNA of another wt (strain KOS) also revealed changes I204T and E280D. Therefore, these alterations are not responsible for the ts phenotype and rather reflect the wt situation. Mutants tsR and tsX contained identical nucleotide substitutions leading to the aa substitution V220M. This is in good agreement with our recombination analysis which showed no ts + progeny virus after crossing the two mutants. However, these mutants are not completely identical because a silent mutation was detected in mutant tsR but not in mutant tsX. Mutant tsS contained the aa substitution A90T, which reverted to the wt aa in ts+S. Therefore, substitution A90T should be responsible for the ts phenotype.
Mutation A90T (tsS) falls into the first of six motifs conserved in a protein family containing many helicases (Gorbalenya et al., 1989) and mutational analysis has demonstrated the importance of these motifs in the UL9 protein for DNA replication (Martinez et al., 1992) . Motifs I and II are believed to form the nucleotidebinding pocket and aa position 90 is located near to Lys-87, which should directly contact one of the phosphate groups of the ATP molecule and lies in a flexible loop between a fl-sheet and an ~-helix (Fry et al., 1986) . Mutation V220M (tsR, tsX) is located in helicase motif III. Phenotypic revertant ts+R showed replacement of V220 by a sterically similar leucine residue. In the homologous varicella-zoster virus gene 51, isoleucine appears at the corresponding position and E. coli UvrB also exhibits leucine at this position. The specific function of motif III is not known at present but mutations within this motif in UL9 show that it is essential for DNA replication (Martinez et al., 1992) . The identity of the tsR and tsX mutations is not surprising as clustering of independently obtained ts mutations was also observed in the analogous origin-binding and unwinding protein of SV40, the large T antigen (Loeber et al., 1989) . Here, many independently obtained mutants turned out to contain identical aa substitutions at a few positions. The ts mutations could define aa positions which are crucial for the conformational and functional state of the UL9 protein, but the activities affected (ATPase, helicase, DNA binding) remain to be determined by biochemical analysis.
Kinetic analysis of ts mutants of E. coli has been used to define the functions of the compromised gene products during DNA replication. The so-called 'quick stop' mutants stop DNA replication immediately after a shiftup of temperature. Such behaviour indicates that the thermosensitive function is required continuously during DNA replication. In contrast, a ' slow stop' mutant does not stop DNA replication immediately. Owing to a defect in initiation of DNA synthesis, replication of already initiated molecules can be completed but DNA synthesis eventually ceases due to an inability to initiate new rounds of replication. In the case of a rolling circle mechanism, as suggested for the late stages of HSV DNA replication, a gene product involved only in initiation would be expected to be required in a functional state only in the early phases of DNA replication. To analyse the kinetics of requirement for UL9 function, temperature shift experiments were performed with the ts UL9 mutants.
In these experiments baby hamster kidney (BHK) cells were transiently cotransfected with the HSV oti scontaining plasmid pFR106 (Matz, 1989) and SV40 origin-containing plasmid pJS36 (nucleotides 2533 to 274 of SV40 strain VA4554 in pUC18). Transfection and analysis of plasmid replication were carried out as previously described (Matz, 1989) . It has been shown that SV40 origin-containing plasmids replicate in hamster cells upon infection with HSV (Matz, 1989) . This heterologous SV40 DNA synthesis is mediated by the HSV replication genes (UL5, UL8, UL29, UL30, UL42 and UL52; Heilbronn & zur Hausen, 1989) but does not require the UL9 gene (Heilbronn & zur Hausen, 1989; Matz, 1989) . It seems that T antigen substitutes for UL9 protein on SV40 DNA and makes the SV40 DNA accessible to the other HSV-specific DNA replication proteins. Fig. 2 (a) shows that SV40 plasmid replication was completely temperature-independent and therefore the amount of replicated SV40 plasmid DNA can serve as an internal standard, controlling for variations in efficiency of transfection, superinfection and DNA detection. Some slight differences in the amount of replicated SV40 plasmids (Fig. 2b, e) reflected unequal loading of the gel with DNA as indicated by inspection of ethidium bromide-stained gels.
The replication of HSV plasmid DNA by ts mutant viruses was inhibited by temperature shifts at -1 or 5 h p.i. (Fig. 2b, c, d ). However, temperature shifts at 10 h p.i. or later did not significantly alter the final yield of replicated DNA. We conclude that the thermosensitive UL9 function is mainly necessary in the initial stages of DNA synthesis. Controls with ts revertants and wt HSV-1 did not show inhibition of DNA synthesis at the nonpermissive temperature (Fig. 2a, e,J) . Rather, as the time at which the upward shift occurred was increased, the amount of replicated HSV origin of replication-containing plasmid was gradually reduced (Fig. 2a) . Since this gradual reduction in the yield of HSV-1 origincontaining plasmid in the wt control following temperature shift-up at 12 h p.i. to 35 h p.i. was not seen with ts mutants, it is possible that UL9 may also partly remain involved in DNA synthesis even at late stages.
As a control for a function required continuously during both early and late stages of DNA synthesis, we also analysed HSV mutant tsH (Chartrand et al., 1980) , which specifies a thermosensitive DNA polymerase (UL30). This mutant showed the expected 'quick stop' phenotype when temperature was shifted up after DNA synthesis had started (Fig. 2g) . Therefore, our assay is capable of differentiating in vivo between ts functions required in the initial stages of replication and those required continuously.
Taken together our results indicate an important role for the UL9 gene product during the early stages of HSV-1 DNA synthesis and this result is compatible with a model, suggested by its sequence-specific origin-binding activity, that UL9 functions as an initiator protein. In addition, the reduced requirement for UL9 function at late times is consistent with replication occurring by a roiling circle mechanism and therefore no longer requiring the activity of an initiator protein. However, we cannot yet exclude the possibility that the UL9 protein might also play an important role during the late stages of viral DNA synthesis. This might possibly be by virtue of a function which is not rendered thermolabile by the aa changes in the ts mutants. Alternatively, it remains possible that the thermosensitive function of the mutants becomes stabilized at the non-permissive temperature at late times of infection because of an association between UL9 and other DNA replication proteins. More detailed analysis of the biochemical properties of the ts mutant UL9 proteins and the eventual development of a cell-free system for HSV-1 . From parallel cell cultures, DNA was also harvested at times corresponding to the temperature shifts (right panels). The DNA was cleaved with Kpnl and DpnI and plasmid DNA was detected by Southern blot analysis using a a2P-labelled vector probe as described previously (Matz, 1989) . Lane M contains a DNA size marker. Sizes are given in bp.
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